asexual hosts; (ii) the demographic and physiological effects of geminivirus infection have been well documented (Yahara & Oyama 1993; Funayama et al. 1997a) ; and (iii) the geminivirus has a simple DNA genome that has been intensively studied (Lazarowitz 1992) .
Recently, Ooi et al. (1997) examined molecular divergence of geminiviruses that infected wild plants, mainly Eupatorium. They found high nucleotide diversity and showed that genetically different viruses often coinfect a single host of Eupatorium makinoi. However, the geminiviruses examined were isolated mostly from asexual populations because infection frequency is usually much lower in sexual populations of Eupatorium. Here, we report the molecular divergence of geminiviruses, which infected a sexual population of Eupatorium at an exceptionally high frequency, and compare it with molecular divergence of geminiviruses infecting a neighbouring asexual host population. The specific question addressed in this paper is: is there any difference in amino acid replacements and in infection pattern between viruses infecting sexual and asexual host populations?
Materials and methods

Tobacco leaf curl virus
Tobacco leaf curl virus (TLCV) is a geminivirus that causes yellow leaf curling disease in tomato and tobacco in Japan (Osaki & Inouye 1978) . In the field, TLCV infects Eupatorium makinoi Yahara and Kawahara (Asteraceae) (Inouye & Osaki 1980 ), E. glehni Fr. Schim. (Ooi et al. 1997) and Lonicera japonica Thunb. (Caprifoliaceae) (Osaki et al. 1979) . Infected plants of E. makinoi, E. glehni and L. japonica show a conspicuous vein-yellowing symptom and can be easily recognized in the field. TLCV is transmitted by whiteflies, but not through seeds.
TLCV is classified to Subgroup III Geminiviruses, which have a uni-or bipartite genome, each part having single-strand, circular DNA of ≈ 2700 nucleotides (nt) (Stanley & Gay 1983; Ikegami et al. 1987; Lazarowitz 1992) . Component A is essential for virulence and replication while component B, which is often lacking, has open-reading frames (ORFs) that are responsible for movement between plant tissues (Klinkenberg & Stanley 1990; Padidam et al. 1995) . We have determined a part of the virus genome including the ORF C1 and the ORF C4 (Ooi et al. 1997) . ORF C4 lies within the longer ORF C1. The ORF C1 encodes a replication protein and is relatively conservative while the ORF C4 encodes a host range determinant (Rigden et al. 1994; Jupin et al. 1994; Tan et al. 1995; Yahara et al. 1998) . Ooi et al. (1997) studied 29 nucleotide sequences of the ORF C1 from the TLCV responsible for infecting wild plants (mainly asexual E. makinoi) collected from 10 localities in Japan. They reported high genetic diversity of the TLCV, up to 75% sequence identity and coinfection of different sequence TLCVs into a single host.
Hosts
E. makinoi (Japanese common boneset) is a perennial, common in open herbaceous fields and forest margins in Japan. It includes diploid, triploid, tetraploid and pentaploid cytotypes; diploid plants are sexual while polyploid plants are agamospermous (asexual) (Watanabe et al. 1982; Watanabe & Yahara 1984; Watanabe 1986 ). Sexual diploids are usually distinct from asexual polyploids in their smaller plant size. TLCV infection is very frequent in agamospermous polyploids while it is rare in sexual diploids (Yahara & Oyama 1993) . In spite of extensive field surveys, we could not find any sexual population sufficiently infected with TLCV to enable the study of its genetic variation. Thus, we compared an asexual population of E. makinoi and a sexual population of E. glehni, a close relative of E. makinoi. E. glehni is usually a sexual diploid. It is taller than sexual E. makinoi and more similar to asexual E. makinoi in appearance, stem height and habitat preference. Without examining chromosome number or sexuality, it is sometimes difficult to distinguish these two and the two species are often treated as conspecific.
We found a sexual (E. glehni) population of high virus infection frequency in the northwestern slope of Mt. Amagi, in the Izu Peninsula, in the southeastern part of Honshu. Then, we compared the sexual population with a neighbouring asexual (E. makinoi) population of rather high infection frequency. We designated the asexual population as AMG(A) and the sexual population as AMG(B). These populations were located about 2 km apart, but no virus-infected plant was observed in the region between these populations. The sexuality was determined by examining productivity and morphology of pollen for flowering individuals. Infection frequencies of both sexual and asexual populations were surveyed by counting numbers of healthy and diseased plant individuals along 25-m line transects. We determined the virus type for 36 infected plants of AMG(A) and 42 infected plants of AMG(B) by the single-strand conformation polymorphism (SSCP) analysis (see below). We also determined virus sequences for each SSCP type.
DNA isolation and purification
We collected virus-infected leaves of E. makinoi and E. glehni. Total DNA was isolated from each leaf individually by the CTAB method and purified with the QIAGEN column (see Ooi et al. 1997) .
Asymmetric polymerase chain reaction and SSCP
SSCP (Orita et al. 1989) analysis is an efficient method for surveying DNA polymorphisms. An application of SSCP for plant populations has been reported by Watano et al. (1995) . We subjected single-strand DNA, produced by asymmetric polymerase chain reaction (PCR) (Gyllensten & Erlich 1988; McCabe 1990) , to SSCP analysis (Lazaro & Estivill 1992) . Asymmetric PCR made it easier to determine the numbers of clones multiply infecting a single host because a single SSCP band corresponded to a single sequence, while denatured ordinary PCR products gave two SSCP bands for a single sequence. Labelling one of the two PCR primers using radioisotope or fluorescent chemicals was more time-consuming and costly.
Asymmetric PCR amplification of viral sequence was performed using a newly developed nondegenerate primer set. This primer set was designed by searching conserved regions from previously reported TLCV sequences. Amplification with this primer set successfully produced a 283-nt fragment corresponding to a part of ORF C1 and ORF C4 from the DNA of virusinfected plants. The primer sequences were: EYVV-A (complementary to virion strand), CCAGGACAGCA-CATTTCCATCCGAAC; EYVV-B (virion strand), GGA-GGTGCAAAAATCCTATCTAAATT.
Purified total infected plant DNA (10Ð100 ng) was subjected to asymmetric PCR amplification with 2.5 units of Taq polymerase (Takara) and 50 pmol of primer EYVV-A and 0.5 pmol of EYVV-B in 20 µL of reaction mix. DNA was amplified in an AB-1820 thermalcycler (ATTO) by 30 cycles of denaturing, annealing and polymerizing with conditions of 1.5 min at 94 ¡C, 2 min at 45 ¡C and 3 min at 60 ¡C. A small proportion of the PCR products (1Ð2 µL) was electrophoresed on a 1% agarose gel to check for yield. The remaining PCR reaction mix was purified to remove mineral oil by adding 30 µL of distilled water and 50 µL of chloroformÐisoamylalcohol (24:1), vortexing and centrifugation. The aqueous phase was isolated and precipitated by adding 5 µL of 3 M sodium acetate and 130 µL of ethanol. The pellet was dissolved in 5 µL of 4 mM EDTA, 83% formamide containing 0.8% Blue Dextran.
The samples were loaded onto a gel 135 mm wide, 130 mm long and 0.75 mm thick. Gel composition was 0.5× TBE (45 mM Tris-borate, pH 8.3, 1 mM EDTA), 5% glycerol and 6% polyacrylamide (acrylamide: N,N′-methylenebisacrylamide, 29:1). Electrophoresis was performed in 0.5× TBE at 300 V for 4 h. The gel temperature was kept constant, at 20 ¡C, by use of a thermostat-controlled cooled water circulator (ATTO). After electrophoresis, SSCPs were detected using a DNA silver-staining kit (Pharmacia) following the manufacturerÕs instructions.
Sequencing
A region of the virus genome was amplified by the PCR reaction using purified total infected plant DNA as templates with degenerate primers EYVV-1 and EYVV-4 (Ooi et al. 1997) . The reaction produced a 672-nt fragment of the part of ORF C1 that included the entire ORF C4. The informative length of the sequence is 625 nt because the primer sequences were excluded. The same reaction for the DNA of four healthy plants resulted in no fragments being amplified. The PCR products were cloned into vector pGEM-T (Promega). Different clones in multiply infected hosts were selected by SSCP. The clones were labelled by fluorescent dideoxynucleotide (FS kit, Perkin-Elmer) with universal M13 forward or reverse primer and the sequence was determined by use of an automatic sequencer (Model 377, Perkin-Elmer).
Phylogenetic analysis
Phylogenetic analysis of the 625-nt virus sequences was carried out for the representatives of the SSCP types with previously reported sequences using PAUP 3.1.1 (Swofford 1993) . Heuristic search with the treeÐbisectionÐreconnection (TBR) option of branch-swapping was used to perform parsimony analysis. The branch length of trees was calculated using accelerated transformation optimization. Nucleotide changes were weighted equally, regardless of the codon position. Branch support index (Bremer 1988; was computed, while bootstrap indices were not indicated because the heuristic search was often trapped in four steps longer, local optima of tree topology (see Ooi et al. 1997) .
Results
Virus typing by asymmetric PCRÐSSCP analysis
The PCR products of all infected plants showed no length variation. By contrast, SSCPs of samples collected from both the sexual and the asexual populations showed diagnostic banding patterns. Figure 1 shows a silver-stained gel of asymmetric PCRÐSSCP analysis for genetic variation of geminiviruses infecting the asexual population. Three virus types differing in mobility were recognized in the asexual population (2, 3a and 5 in Fig. 1 ). Single to triple infections of different virus types on a single host were observed. The number of infecting virus types showed no apparent association with symptom severity. Six different SSCP types were detected in the sexual population and two were common to the asexual population. Patterns of infection with different SSCP types are shown in Tables 1 and 2 . SSCP types distinguished by lower-case letters (3a and 3b, 4a and 4b) were very similar in mobility under 20 ¡CÐ5% glycerol but different at the sequence level. Nucleotide sequences were determined
for 34 clones of PCR products. As a result, nine different sequences were obtained among which five were identical to sequences reported by Ooi et al. (1997) . Sequences obtained from the SSCP types were identical or very similar.
The phylogenetic relationship of the viruses was analysed using the sequences of geminiviruses that infected the sexual and asexual populations of Eupatorium in Amagi, and other previously reported sequences of geminiviruses infecting asexual populations of Eupatorium (Ooi et al. 1997) . Nine sequences of the seven SSCP types obtained from the Eupatorium populations in Amagi were clustered to four different clades of their own: type 1 + 2 + 3b, type 3a, type 4a and type 4b + 5 (shown by bold letters in Fig. 2) . Thus, it is highly probable that the sequences belonged to a single clade, recently diverged in the populations observed.
Comparison of nucleotide variation and amino acid replacement between geminiviruses that infected sexual and asexual hosts
Sequences clustered to three clades in the asexual host population (type 5(A051), 2(A108) and 3a(A119) in Fig. 2) , and also to three clades in the sexual host population (4a(B20), 5(B45) + 4b(B46) and 1(B152) + 2(B59) + 3b(B42)). Thus, there was no difference in the level of betweenclade variation between the sexual and asexual host populations. In the asexual host population, the three SSCP types belonged to three different clades at sequence level, showing no within-clade variation. In contrast, two or three SSCP types were distinguished in the two clades of the sexual population. Thus, within-clade variation tended to be higher in the sexual population. Moreover, two different SSCP types of the same clade coexisted at rather high frequencies in the sexual population; both type 1 and type 2 showed an infection frequency of 13.4% and types 4b and 5 showed infection frequencies of 6.3% and 16.1%, respectively (Tables 1 and 2) .
A history of nucleotide substitutions was reconstructed on the tree shown in Fig. 2 using the ACCTRAN optimization of MacClade 3.0 (Maddison & Maddison 1992) . Then, trends in amino acid replacements were examined by a modification of the McDonaldÐKreitman test (McDonald & Kreitman 1991) , which was originally developed to compare within-species polymorphism and betweenspecies divergence. We treated a clade of geminiviruses infecting the sexual population as a ÔspeciesÕ and counted the number of replacement substitutions within ÔspeciesÕ (between types 4b and 5, and among types 1, 2 and 3b; see bold lines in Fig. 2) . We also counted the number of replacement substitutions between ÔspeciesÕ using internodes, shown by double lines in Fig. 2 . Because ORF C1 and ORF C4 overlap, we counted the number of amino acid replacements both in ORF C1 (208 aa) and in ORF C4 (85 aa) within and between ÔspeciesÕ. Because there were few nucleotide sites at which amino acid replacements of both ORFs could occur, correlation between replacements of ORF C1 and ORF C4 was negligible.
The total number of amino acid replacements in ORF C1 and ORF C4, estimated by the above method, are shown in Table 3 . In comparison with ORF C1, which Fig. 2 One of the nine most parsimonious phylogenetic trees constructed using the sequences analysed in Ooi et al. (1997) encodes a replication protein, there is a significantly higher number of amino acid replacements in ORF C4, a host range determinant, in the sexual population (FisherÕs exact probability test, P = 0.032).
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Comparison of virus infection in sexual and asexual hosts
The infection frequency of geminivirus was 87.8% in the asexual population and 37.5% in the sexual population. These scores are higher than previous reports for both sexual and asexual populations of E. makinoi (Yahara & Oyama 1993) . Infection frequencies of each virus type in the asexual population varied by a factor of 1.4 (48.8Ð68.3%), while those in the sexual population varied by a factor of 18 (0.9Ð16.1%). Tables 4 and 5 show observed and expected numbers of non, single, double and triple infections. The expected number of multiple infections under the null hypothesis of random infection was obtained by multiplying infection frequencies of the SSCP types. Because of the small expected number of triple infections in the sexual population, the confidence probability of the χ 2 value was calculated by the randomization method with 10 000 permutations (Read & Cressie 1988) . There was a weak tendency of excess multiple infection and deficient single infection in the sexual population, although the null hypothesis was rejected for neither population.
Discussion
As far as we know, this is the first comparative study for genetic divergence of pathogens that infect closely related sexual and asexual host populations. The pathogens we studied are geminiviruses and their native hosts in Japan are mostly Eupatorium spp., which include sexual and asexual populations (Ooi et al. 1997) . While the infection frequency in sexual host populations of Eupatorium is generally very low, infection is common and the disease incidence is often very high in asexual populations of Eupatorium (Yahara & Oyama 1993) . This fact suggests that sexual populations of Eupatorium have some defence mechanisms that effectively prevent infection with geminiviruses. The sexual host population examined in this study is exceptional in that the infection frequency is as high as 37.5%. The geminivirus is located in the vicinity of asexual populations and we found that viruses infecting the sexual and asexual populations are closely related to each other (see Fig. 2 ). Thus, we suggest that some in situ genetic changes enabled geminiviruses, which were originally harboured in asexual populations, to invade the sexual population. As a result of intensive molecular biological studies, ORF C4 is known to be a host-range determinant. In three independent studies, amino acid changes in ORF C4, which were experimentally introduced by site-directed mutagenesis, resulted in phenotypic changes in hostrange and/or disease severity after infection (Stanley & Latham 1992; Ridgen et al. 1994; Jupin et al. 1994) . The evidence described above shows that amino acid replacements in ORF C4 occurred more frequently in the sexual host population than in asexual host populations. Considering the above-stated results of site-directed mutagenesis, our evidence supports adaptive changes of ORF C4 against defence systems of the sexual host plants.
It has been suggested that parasites could cause frequency-dependent selection on the hosts that, in turn, favour sexual reproduction. This idea, known as the Red Queen Hypothesis (RQH), is theoretically demonstrated in models developed by Hamilton et al. (1990) and other previous work, but it suffers from a relative lack of empirical tests. Recently, Clay & Kover (1996) , reviewing empirical evidence for the RQH, claimed that the following
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© 1999 Blackwell Science Ltd, Molecular Ecology, 8, 89Ð97 Our data obtained from a natural system is supportive of the third precondition, although not conclusive, in that geminiviruses were able to genetically adapt to a host population differing in sexual systems. For the geminivirusÐEupatorium system, there is substantial evidence to support the second precondition. Infection with geminiviruses decreases chlorophyll content that, in turn, lowers leaf absorption and reduces the maximal quantum yield of photosynthesis and light-saturated rate of photosynthesis (Funayama et al. 1997b) . As a result, the infection significantly decreases annual net growth and increases mortality, especially under low light availability (Funayama et al. 1997a) . Although evidence for the first precondition is weak in the geminivirusÐEupatorium system, it is at least true that population-level resistance differs between sexual and asexual populations. Existence of genotype-specific resistance against geminiviruses has been known in tobacco (Vesudeva & Sam Raj 1948; Osaki et al. 1976) , and is probably a general phenomenon.
Thus, all the available evidence from the geminivirusEupatorium system supports the RQH. The following observations are also consistent with the RQH. First, different SSCP types of the same clade coexisted in the sexual population, but only a single SSCP type from each clade was found in the asexual population. Second, the infection frequency of SSCP types varied widely from 0.9 to 16.1% in the sexual population, while it was less variable in the asexual population. Third, although the infection frequency was as high as 37.5% in the sexual population, it was notably lower than in the asexual population. Finally, there was a weak tendency of departure from random infection in the sexual population.
On the other hand, there is still some shortage of evidence to definitively demonstrate the RQH. Sequence data for an increased level of amino acid replacements in the sexual population should be supplemented by examining whether those were actually responsible for phenotypic changes of host range. Also, genetic variation in resistance should be confirmed in the host populations. More conclusive demonstration of the RQH will be possible by linking molecular and phenotypic studies, and the geminivirusÐEupatorium system will provide an excellent opportunity for further studies in this direction.
